Intermetallic Re precipitation at concentrations below the solubility limit is a puzzling phenomenon in neutron irradiated W. Ion irradiation has been unable to reproduce this, denying the community the ability to accurately simulate neutron damage microstructures and probe precipitate formation. We have recently been successful in inducing s (WRe) and c (WRe 3 ) phase formations in W26Re irradiated with 350 keV Ne ions at 500 and 800 C. The precipitation of these phases is related to the effects of cascade energy density and ballistic mixing during previous high energy self-ion irradiations and is concluded to have caused redissolution of precipitates and prevented their observation.
Tungsten (W) has been used as a plasma-facing material in experiments in the Joint European Torus (JET) nuclear fusion reactor and is regarded as the primary candidate for use as the divertor armour in ITER and the DEMOnstration (DEMO) power plant. Its selection is due to its high melting temperature (3422 C), low sputter yield and high thermal conductivity (~170 W/m/K at room temperature) [1] . However, an inherent issue is its ductile-to-brittle transformation temperature (150e400 [2] ) which increases with radiation damage (>800 C [3] ). This brittleness is furthered by the formation of secondary and tertiary intermetallic rhenium (Re) phases produced via transmutation reactions under both thermal and fast neutron spectra [4e6] . The precipitation of s (WRe) and c (WRe 3 ) phases at concentrations lower than the solubility limit (<5 at.%) [7, 8] under neutron irradiation is a puzzling experimental observation. Under equilibrium conditions these phases should form only at higher Re concentrations of >25 and > 50 at.% for s and c,
Williams et al. [10] observed the formation of c phase precipitation in W, W5Re, W11Re and W25Re alloys irradiated in the Experimental Breeder Reactor (EBR-II) in mixed neutron spectra to a dose of 0.7 displacements per atom (DPA) (E > 0.1 MeV to a fluence of 6 Â 10 25 n/m 2 ) at temperatures between 600 and 1500 C. The authors [10] noted that this was in contradiction with the phase diagram and attributed their formation to nonequilibrium effects of neutron irradiation. Nemoto et al. [12] found the formation of both s and c phase precipitates in neutron irradiated W26Re alloys to 11 DPA (E > 0.1 MeV to a fluence of 1 Â 10 27 n/m 2 ) at 600 C. The authors observed needle-like c phase precipitation with their major axis aligned along {110} planes. Fukuda et al. [7] irradiated W and W-Re alloys in the high flux isotope reactor (HFIR) to 1.0 DPA at 500 and 800 C. The authors [7] noted that, at the lower irradiation temperature of 500 C, the damage microstructure consisted of equiaxed and needle-like intermetallic Re precipitates which were identified as s and c phases using electron diffraction. Tanno et al. [4, 13] observed needle-like precipitates in neutron irradiated W in the Joyo reactor at an irradiation temperature of 750 C at 1.5 DPA which were attributed to the c phase and were aligned with {110} planes.
To investigate precipitation mechanisms and their effects on materials' properties whilst avoiding neutron irradiation, it is vital that ion beam irradiations can correctly emulate them. However, replicating the formation of s and c phases in WRe has eluded the ion beam community [14e20]. Hwang et al. [14] irradiated W-3Re with 18 MeV W ions at 500 and 800 C to a total dose of 5 DPA. However, the authors [14] observed the formation of only dislocation loops and voids as confirmed by transmission electron microscopy (TEM). Armstrong et al. [19] MIAMI-2 consists of a 350 kV ion accelerator coupled with a Hitachi H-9500 TEM (operated at 300 kV) in which the ion beam is incident at 18.7 to the electron beam. The samples were heated using a Gatan Model 652 double-tilt heating holder.
The DPAs were calculated using SRIM-2013 [22] using the method proposed by Stoller et al. [23] with a displacement energy of 90 eV for W and 40 eV for Re [24] . The samples were irradiated with 350 keV Ne ions at a dose rate of~4 Â 10 À4 DPA/s to a total dose of 5.0 DPA at temperatures of 500 and 800 C (reported as the average DPA through the TEM foil; the DPA profile is given in appendix A). Images were captured under both bright-field (BF) and dark-field (DF) TEM imaging modes. Phase identification was confirmed by selected-area diffraction patterns (SADPs) which were indexed, using CrystalMaker (version 9) and SingleCrystal (version 2), as tetragonal WRe s phase (space group P42/mnm, PDF 015e0115) and cubic WRe 3 c phase (space group I43m, PDF 008e0363). (Fig. 2b) which is formed from the reflection indexed as the 400c reflection and these are shown to be epitaxial with the matrix. Fig. 2c shows a DF-TEM image formed with the 330s reflection. Fig. 2d shows a BF-TEM image of a sample irradiated to 5.0 DPA at 800 C imaged close to the [113] W BCC zone axis showing the formation of longer needlelike precipitates. These are again confirmed to be c phase in the DF-TEM image (Fig. 2e) formed from the reflection indexed as the 550c reflection. Fig. 2f shows a DF-TEM image formed using the 330s reflection in the SADP in Fig. 1 . It can also be seen in Fig. 2b and e that the c phase needles are aligned with the <110> WRe BCC directions. It may also be seen in Fig. 2 that at higher temperatures the precipitate size increases concomitantly with decreasing number density for both the s and c precipitates which can be attributed to accelerated precipitate growth.
Gharaee et al. [25] used density functional theory (DFT) to show that mixed W-Re split-interstitials adopt the <111> self-interstitial atom (SIA) configuration and are strongly attracted to each other with a binding energy of À3.2 eV. This has a large defect formation volume of~1.6 times the volume per atom of the ideal structure which is associated with a strain field along the close-packed <111> direction and is proposed as the precursor for the needle-like intermetallic precipitates. As the mixed interstitial diffuses, it traps at substitutional Re atoms forming Re-WRe complexes and larger clusters grow due to the increased likelihood of attracting another migrating W-Re interstitial [26] . However, due to the arrival of both W and Re atoms from the mixed interstitial, the maximum Re content at the core of the cluster is 50 at.% [26] . This mechanism provides the concentration of Re required for precipitation of s phase (>25 at.%) [11] ; however, it does not account for the formation of c phase (>50 at.% Re) [11] showing that further mechanistic understanding is required. In previous reports of precipitate alignment along {110} planes, the TEM samples were imaged along <001> zone axes [4, 13] . As there is coincidence between the <111> type directions and {110} type planes in the BCC lattice when imaged along the [001] direction, the growth mechanism of c phase needle-like structures along <111> directions from Ref. [25] cannot be inferred. However, the results in the current work show that the precipitates appear to be aligned along <110> directions which are not coincident with <111> directions when imaged along the [113] zone axis (further justification shown in appendix B). This may indicate that the precipitates, once nucleated along the close-packed <111> directions as reported in Ref. [25] , may grow along close-packed {110} planes.
Precipitates were first observed at~4.5 DPA at 500 C and at 5.0 DPA the c phase needle-like structures had reached an average length of~5 nm (as measured from the DF-TEM image in Fig. 2b ). The delay in needle growth rates in the current work may be attributed to two effects of in-situ ion irradiation: the proximity of the TEM foil surfaces which will act as strong sinks for migrating W-Re SIAs; and higher DPA rates in the ion irradiations (compared to typical neutron irradiation) which lead to shorter timescales for precipitate growth via thermally-activated processes.
Although the observation of s phase in the current work may be expected due to the two-phase field boundary lying at~25 at.% Re at 500 C [9e11], this has not been observed in previous ion irradiation works on W-25Re alloy under 2 MeV W ion irradiation at the same temperatures [20] . Further to this, the observation of c phase precipitation would not be expected due to the higher concentration (>50 at.%) of Re required at both temperatures studied in the current work, showing a true non-equilibrium effect of the ion irradiation. This has not been observed previously in ion irradiations using alloys with similar Re content [20] and similar 1 A displacement energy for W of E d ¼ 68 eV was used in the DPA calculations in
Refs. [17, 19] and so this should be remembered when comparing quantitatively to the current work. A lower value of $25 DPA (compared to 33 DPA) would have been obtained had E d ¼ 90 eV and equivalent methodology to the current work been used.
irradiation temperatures and doses [14,17e19,27] . The remaining difference to be noted is that the current work used 350 keV Ne ions and previous studies employed ! 2 MeV selfions [14,17e20,27] . The observation of similar-length c-phase needle-like precipitates in the current work at much higher dose rates (10 À4 DPA/s) compared to the neutron irradiations (10 À7 DPA/ s) [7] may indicate that their formation is a radiation-enhanced diffusion effect with their precipitation increasing with dose rate. However, it has recently been reported in FeCr alloys [28] that Cr clustering was observed to decrease with increasing dose rate (10
À7
to 10 À4 DPA/s) in 70 MeV Fe ion irradiations and Cr segregation was also suppressed in the Bragg peak of 2 MeV Fe ion irradiations [29] . Thus, the rate of ballistic mixing in large high-energy-density cascades at high dose rates gives insufficient time for diffusional recovery leading to higher levels of mixing. A similar effect may occur in the W-Re system whereby radiation-enhanced diffusion of W-Re interstitials to nucleating precipitates is outweighed by the rate of ballistic remixing of Re atoms back into the W matrix during high energy (! 2 MeV) self-ion irradiations. The mean free path between successive collisions (and thus the distance between cascade centres) of a 2 MeV W ion at its end of range will be much shorter than in the neutron case, which will lead to spatial and temporal cascade overlap resulting in higher degree of mixing. Fig. 4 shows the range of W primary knock-on atom (PKA) energies typical of irradiation in a fast breeder reactor (FBR) and DEMO [30e32] , in the 350 keV Ne ion case (this work) and in the 2 MeV W ion case. It can clearly be seen that in the case of the 2 MeV W ion irradiation, the maximum energy transfer to a PKA (2 MeV) is much greater than that for the fast and fusion neutron spectra (~400 keV). Further to this, it has been reported that sub-cascade development and branching in W becomes much more pronounced at PKA energies greater than 200 keV [33] which will increase the effect of ballistic mixing due to spatial and temporal cascade overlap. The formation of more-dilute cascades and isolated Frenkel pairs under lower-energy Ne ion irradiation in the current work, where the maximum PKA energy is limited to 120 keV (which is more similar to the dilute cascade formation that occurs under neutron irradiation) may lead to a regime where radiationenhanced and thermal diffusion of the W-Re SIAs to precipitates is much more significant than the ballistic mixing of Re atoms back into the W matrix. However, the authors note that in the current work, higher Re content has been used compared to previous high-DPA irradiations which generally employed <10 at.% Re [17, 19, 27] and also that higher DPAs have been studied (up to 5.0 DPA) compared to previous works (up to 1.5 DPA) which employed WRe alloys with similar Re content [20] . This combination of high Re content and higher DPA than previously studied may also play a role in s and c phase formation in addition to the effects of ballistic mixing. Thus, it is clear that further work is needed to elucidate the effects of projectile mass and energy, Re content and DPA on the rate of precipitation in WRe alloys.
The previous inability of ion irradiation to induce these nonequilibrium phase precipitations in W-Re materials has led to an assumption that the neutron damage microstructure could not be replicated with ions [17, 19, 20] . However, the current work has shown that, with an appropriate choice of ion beam parameters, this is not the case. Nonetheless, the precipitation of these W-Re intermetallic phases at Re concentrations below the solubility limit, under both ion and neutron irradiation remains a highly puzzling phenomenon. With the only previous observations of their formation occurring 'post-mortem' in neutron irradiated samples, the amount of material available and the number of facilities equipped to study this effect has been limited. However, these results should allow for the formation of these precipitates to be studied in much more detail.
We have reported the formation of s and c phase precipitation in W26Re under 350 keV Ne ion irradiation at 500 and 800 C to doses of 5.0 DPA. This has successfully reproduced the neutron irradiation microstructures of W alloys unlike previous ion-beam work at similar irradiation temperatures, DPAs and WRe alloy compositions. This is attributed to more-dilute lower-energy-density cascades in the current work, resulting in reduced ballistic mixing of Re clusters back into the W matrix compared to previous work using self-ions with much higher energies (! 2 MeV). This shows that ion-beam parameters need to be chosen carefully so as to give appropriate ion energy and cascade energy densities when aiming to replicate neutron-induced precipitation with ion beams. Doing so will allow for the more-accurate prediction of secondaryphase precipitation hardening mechanisms in these alloys and increase the possibilities for study of the phenomena of these phase formations under non-equilibrium conditions.
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